Bilayer thickness and nanopore-induced lipid bilayer perturbation
The lipid bilayer thickness, d pp , was measured as the phosphate to phosphate distance between lipids in opposing leaflets of the bilayer. For the calculation of the nanopore-induced lipid bilayer perturbation, for each frame the positions of all phosphate headgroup particles of the lipids composing the bilayer were stored and the bilayer was divided into 5 Å wide bins in x and y direction (the bilayer normal is in the z direction). Next, the phosphate particles were grouped into upper and lower leaflet, depending on whether their z-values were larger or smaller than the zcomponent of the lipid bilayer center of mass (COM). The z-values of the phosphate particles within each bin were analyzed over all frames and the average values were computed to represent the z-values of both leaflets for each bin. The bilayer thickness for each bin, d pp (x,y), was then calculated from the difference between the respective z-values of the upper and lower leaflet (2D lipid bilayer perturbations). An alternative method for calculating the nanopore-induced lipid bilayer perturbations is to use a radial lipid bilayer thickness profile (1D lipid bilayer perturbations). It was calculated by defining concentric bins with a radial step size of 5 Å in the lipid bilayer (x-y) plane, centered on the nanopore COM. To calculate the average bilayer thickness over 200 ns for each bin, a similar procedure to the one described for the 2D bilayer perturbation analysis above was employed.
Figure S1: Lipid bilayer thickness
The lipid bilayer thickness (defined as the distance between the phosphate particles of opposing monolayers, d PP ) is shown as a function of lipid bilayer system, where the latter are defined as follows: 1 = CG2-PC, 2 = CG2-PC + CG3-PC, 3 = CG3-PC, 4 = CG3-PC + CG4-PC, 5 = CG4-PC, 6 = CG4-PC + CG5-PC, 7 = CG5-PC. The horizontal lines show the hydrophobic thickness (see section 3 for definition) of the various nanopore models investigated in this study.
2. Size and composition of the studied nanopore-lipid bilayer systems Stated are the type of lipid bilayer, the number of lipids molecules and solvent particles and the number of total particles, contained in the system. Also the number of particles for each nanopore are included. The variation of numbers of lipid molecules and solvent particles between the systems originates in different sizes of both the nanopores and the lipid tails, resulting in different space consumptions of the respective system components, but does not affect the average particle volume, which is about 119 Å 3 /particle for all systems.
Nanopore hydrophobic thickness
Calculation of the nanopore hydrophobic thickness Unlike the lipid bilayer thickness (phosphate-phosphate distance between lipids in different leaflets) the hydrophobic thickness of the nanopores is less readily defined. We chose an approach by which the nanopore-lipid contacts were employed to decide on reasonable values for the hydrophobic thickness of each of the seven nanopores. We studied the number of contacts between lipid headgroup particles (phosphate and choline CG particles) and nanopore residues over the duration of the CG-MD simulations for all bilayer systems, in order to evaluate the impact of bilayer composition on the calculated protein hydrophobic thickness (details in the Supplementary Information). We found that, for the systems studied, the lipid bilayer composition led only to a small variation in hydrophobic thickness from the value for those systems where the lipid bilayer was least perturbed (hydrophobically matched). Thus the following representative systems were studied to derive the hydrophobic thickness of the respective nanopores: the M2 helical bundle, Gα and Nα nanopores in a CG4-PC+CG5-PC lipid bilayer, and the HL barrel, Gβ, Nβ and Sβ nanopores in a CG5-PC lipid bilayer. The rationale behind this is the assumption that one can define to a first approximation the nanopore hydrophobic thickness as the distance between the zcomponents of the COMs of rings of residues on both ends of the nanopore, which show the largest number of residue-lipid head group particle interactions. The results are summarized in Table S2 . CG2-PC, CG2-PC+CG3-PC, CG3-PC, CG3-PC+CG4-PC, CG4-PC, CG4-PC+CG5-PC and CG5-PC lipid bilayers. It can be seen that the residues in contact with lipid headgroup particles, as well as the number of contacts, change only insignificantly when the lipid bilayer system is changes.
Figure S3: Hydrophobic thickness of the nanopore employed in this study
Structure of the various nanopores superimposed with the number of contacts between nanopore and lipid headgroup (PO4 and NC3) particles over the course of a 200 ns simulation. Nanopore particles are color-coded from blue over green to red, representing none, few and many contacts. Plots account for (from top left to bottom right): M2 helical bundle, Gα nanopore (with Trp residues), Nα nanopore (no Trp residues), α-hemolysin, Gβ nanopore (with Trp residues), Nβ nanopore (no Trp residues), and Sβ nanopore (with Trp residues).
4. Impact of semi-isotropic and isotropic pressure-coupling on system parameters
Figure S4: Comparison of effects of isotropic and semi-isotropic pressure coupling on 2D lipid bilayer perturbation
Depicted is the time-averaged lipid bilayer perturbation introduced by the insertion of a generalized α-helical nanopore (Gα) into various mixed-lipid bilayers for 3 μs CG-MD simulations, employing isotropic (left) and semi-isotropic (right) pressure coupling. The lipid bilayer systems studies are mixed lipid systems of CG2-PC + CG3-PC lipids (top row), CG3-PC + CG4-PC lipids (middle row) and CG4-PC + CG5-PC lipids (bottom row). For clarity, nanopores are not displayed. The relative variation of the lipid bilayer from the unperturbed bilayer mean, which is colored turquoise, is displayed and dark red indicates a perturbation of 3 Å. The differences in bilayer perturbation profiles between systems simulated employing isotropic and semi-isotropic pressure coupling originate in the fact that lipid bilayers have a slightly larger thickness if semi-isotropic pressure coupling is used.
Figure S5: Comparison of effects of isotropic and semi-isotropic pressure coupling on radial bilayer thickness profiles for the Gα nanopore
Radial bilayer thickness profiles for the Gα nanopore simulations employing isotropic (blue lines) and semi-isotropic (red lines) pressure coupling, respectively. The radial distance is measured from the nanopore center of mass (For clarity, the displayed standard deviation has been scaled by a factor of 0.25). It is evident that the application of both pressure coupling methods yields qualitatively similar findings, with the single difference that semi-isotropic pressure coupling results in slightly thicker lipid bilayers.
Figure S6: Comparison of the impact of lipid bilayer system on the calculation on Gα nanopore hydrophobic thickness
The graphs show the number of contacts each residue of the Gα nanopore makes with lipid headgroup particles (PO4 and NC3) over the course of a 200 ns simulation, The results are shown for the Gα nanopore in all seven lipid bilayer systems. It can be seen that the nanopore hydrophobic thickness, calculated as the difference between the maximum contact regions at either end of the nanopore, changes only insignificantly for all lipid bilayer systems. The solid red line represents the average number of contacts for each residue calculated from all seven lipid bilayer systems and simulations of 200 ns.
5. Maximum tilt angle plots are given for all 49 nanopore-lipid bilayer systems 6. Calculation of the radial distribution function 7. Hydrophobic mismatch-driven nanopore association Four Gα nanopores are placed in large CG2-PC (a-c) and CG4-PC (d-f) lipid bilayers (each composed of about 1600 lipids), about 13 nm apart, and the system is simulated for 500 ns (representing about 3 ms in AT-MD time). Due to the force field setup, long distance interactions are cut off at 1.2 nm, so the proteins can't "see" each other in the starting configuration. The strong hydrophobic mismatch between the Gα nanopores in large CG2-PC bilayer though creates a region of lipid bilayer perturbation that spans about 4-5 nm from the nanopore center (approximated by a red circle). In the time span chosen, the nanopores can sample the whole bilayer surface driven by diffusion which is consistent with current experimental findings. Once they get closer than about 4 nm, the hydrophobic mismatch-driven local bilayer deformation adds an attractive effect which seems to drive a lipid bilayer-based protein sorting mechanism. Given a significant hydrophobic mismatch, as in the case of the Gα-CG2-PC system, the nanopores seem to continue to stick together after they randomly got close to each other, essentially forming an aggregate. In opposition, in a hydrophobically-matched system, like the Gα-CG4-PC system, the nanopores seem to be able to disassociate from each other quite quickly. Also, the nanopores seem to find each other about 3-times faster in the Gα-CG2-PC system than when CG4-PC is present, which again might indicate the existence of another force in the system. The authors would like to mention that the presented findings require further extensive studies to prove final, but nonetheless seem to point into the direction of a possible hydrophobic mismatch-driven lipid bilayer-based protein sorting mechanism. Figure S11 . Simulation of nanopores in larger area lipid bilayer systems.
Larger area lipid bilayers systems
The Gα and Gβ nanopores were simulated in a larger area CG4-PC lipid bilayer to show that the lipid bilayer relaxes to the value of bilayer thickness of the unperturbed lipid bilayer when the box size is increased. The lipid bilayer perturbations of these simulations match qualitatively the results found for the smaller systems of our study.
